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Micro droplets of molten lead-free solder were ejected at 230 C using a piezoelectric inkjet
printing process. The effect of the micro droplet formation of molten lead-free solder was
investigated on the pulse time of the waveform. In this study, a numerical system for sim-
ulating the shape evolution of micro droplet of molten lead-free solder in the inkjet print-
ing process was developed based on a solution algorithm (SOLA) scheme for the solution of
velocity and pressure ﬁelds. It is coupled with the volume-of-ﬂuid (VOF) and piecewise-
linear interface construction (PLIC) techniques for the transport of mass and construction
of the interface. For the treatment of surface tension effects, a CSF (continuum surface
force) model is employed. The simulation results were validated with experimental obser-
vations. The numerical result was used to understand the mechanisms of the extrusion of
the liquid column, the contraction of the liquid thread, and the pinch-off of the liquid
thread at the nozzle exit.
 2011 Elsevier Inc. All rights reserved.1. Introduction
Lead-free solders have been adopted by the electronics packaging industry over the past few decades. The solders are
used to make conductive patterns and micro joints in wire bonding, tape automated bonding (TAB), and ﬂip-chip intercon-
nections fabricated using evaporation, electroplating, and stencil printing methods [1,2]. However, these solder bumping
methods are hampered by material usage, time consumption, and cost efﬁciency problems. A brief comparison of these
methods is presented in Table 1 [3,4]. Conventional methods tend to produce inconsistent amounts of solder. In order to
improve the overall manufacturing process, this study investigated the drop-on-demand (DOD) inkjet printing method fab-
ricate uniform solder bumps at the desired locations of a moving substrate without utilizing masks [5]. The DOD inkjet print-
ing method has been demonstrated to have better electrical performance and reliability than those of conventional solder
bumping methods.
For the study of droplet formation in inkjet printing, numerical simulations have been employed by a number of research-
ers. Bogy and Talke [6] developed a ﬁnite difference solution for the one-dimensional nonlinear Cosserat jet equations. It was
to calculate the transient solution for the velocity proﬁle in a semi-inﬁnite liquid column with a small amplitude periodic
excitation of the velocity at the nozzle. The simulation for shape evolution of ejected droplets with the actuation through
a driving pressure, at the outlet of the nozzle was reported by Fromm [7]. The vorticity-stream function form of the
Navier–Stokes equations in axisymmetric coordinates was solved using a ﬁnite-difference scheme in a Lagrangian compu-
tational mesh. Wu et al. [8] employed a three-dimensional ﬁnite difference algorithm based on the VOF method to solve
Navier–Stokes equation and predicted the drop ejection in the DOD inkjet printing method.. All rights reserved.
y road, Tainan city, Taiwan, ROC. Tel.: +886 6 275 7575x62963; fax: +886 6 2344393.
.-S. Hwang).
Table 1
Bump bonding technique comparison [3,4].
Evaporation Electroplating Screen printing Solder jetting
Process steps Complex Complex Medium Few
Patterning method Sputter (mask) Photoresist template (mask) Contact printer (Stencil) Non-contact printer (PZT printhead)
Min. bump size (lm) 10 25 100 50
Min. pitch (lm) 20 50 150 60
3D patterns No No No Yes
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forms and back pressures of the melt reservoir during printing. Sn3.0Ag0.5Cu lead-free solder was employed as the ink mate-
rial, which was jetted at 230 C. It is difﬁcult to understand the cause of the variations of droplet behavior caused by the
driving waveform. In this study, a computer-aided analytical system is developed based on computational ﬂuid dynamics
techniques to simulate the shape evolution of micro droplet behavior of molten lead-free solder in the inkjet printing
process.
2. Mathematical method
2.1. Description of the physical phenomena
The experiments were conducted on a squeeze mode piezoelectric inkjet printing device. Fig. 1 shows the chart of the
inkjet printing device, whose shape is a cylinder. The piezoelectric material contracts and expands due to a variation voltage
and the pressure translates in the inkjet printing tube. The solder in the inkjet printing cavity is squeezed from the nozzle
and cut to form a droplet.
2.2. Governing equations
When the change of viscosity of a molten solder with temperature is neglected, the liquid solder can be approximated by
a Newtonian ﬂuid. The assumption that the liquid solder is incompressible is imposed for such ﬂuids with a constant density.
According to the ﬂuid dynamics theorem, the ﬂow ﬁeld of an incompressible, Newtonian ﬂuid is governed by Navier–Stokes
equations of momentum and continuity, which represent the conservation of momentum and conservation of mass,
respectively.
The momentum equation can be written as:@~V
@t
þ ~V  r
 
~V ¼  1
q
rpþ l
q
r  r~V þr~VT
 
þ~g þ 1
q
~Fb ð1Þwhere ~V is the velocity ﬁeld, q is the density, P is the pressure ﬁeld, l is the viscosity,~g is the gravity acceleration, and~Fb is
the body force. The continuity equation can be written as:Fig. 1. Inkjet printing device.
Fig. 2.
(a) SLIC
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where D is the divergence.
For the proprietary code developed in this study, a SOLution Algorithm (SOLA) scheme is used to solve the Navier–Stokes
equations and continuity equation.
2.3. Treatments for the free surface ﬂow
In order to simulate a transient ﬂow with free surface, the location of free surfaces has to be estimated ﬁrstly. Then the
change of free surfaces with time is calculated, therefore the evolution of the ﬂuid domain is computed. In this study, the VOF
method which was developed by Hirt and Nichols is adopted to present the ﬂuid domain and to track the evolution of its free
boundaries.
In VOF method, free surfaces are represented with discrete volume-of-ﬂuid data on the mesh, which is a scalar ﬁeld
F(x,y,z, t). The ﬁeld variable F is assigned to each computational element to indicate the volume fraction of ﬂuid in the cell.
Then, free surfaces are reconstructed by means of the volume fraction value F, where F is equal to 1 means the cell is full of
ﬂuid, F is equal to 0 means the cell is full of gas, while F is between 0 and 1 means the cell contains both ﬂuid and gas, and an
interface is then allocated in this cell. F-value is a step function in order to maintain a sharply deﬁned surface. From the law
of law of mass conservation, F-value is governed by the following equation:@F
@t
þ ~V  r
 
F ¼ 0 ð3Þwhere F(x,y,z,0) is known. After the velocity ﬁeld ~V is computed, F-value can be calculated from above equation. Therefore,
surface can be reconstructed from VOF data, and volume ﬂuxes can be computed. Finally, new conﬁguration and distribution
of ﬂuid is known.
The surface reconstruction method plays an important role in VOF method, which has a great effect on accuracy. A more
accurate interface approximation leads to a smoother volume fraction distribution, hence a more precise calculation of sur-
face normal is achieved. In earlier works, simple line interface calculation (SLIC) method was generally used, which approx-
imates the interface with a straight line aligned with one of the mesh coordinates. However, the SLIC method is a
comparatively rougher approximation and is suitable in problems with less deformation involved. The piecewise linear
interface calculation (PLIC) method which was developed by Youngs [9], allows a non-zero slope for the straight line to
approximate the interface, and yields a more accurate interface approximation. These two methods are shown in Fig. 2,
where Fig. 2(a) and (b) reconstruct different surface geometries from the same volume fraction data.
In this study, the method to construct the interface and to calculate the transportation of ﬂuid is to adopt the PLIC method
coupled with the VOF method. The numerical scheme includes the following three steps:
Step 1: The construction/reconstruction of free surfaces.
After the F-value of each cell is determined, the normal vector of the interface can be calculated from the following
equation:~n ¼ rF ð4Þ
Therefore, the interface of a surface cell can be represented by the following equation for a plane:~x  n^ a ¼ 0 ð5Þ
where~x is the position vector on interfaces, n^ is the unit normal vector of the plane, a is a plane constant. The negative sign
indicates that the direction of the unit normal vector points into gas.Two difference methods of reconstructing a surface from the same volume fraction data, where the semicircular curve indicates the actual interface:
approximation and (b) PLIC approximation.
3070 H.-J. Chang et al. / Applied Mathematical Modelling 36 (2012) 3067–3079Step 2: Solve for the velocity ﬁeld.
Velocity ﬁeld and pressure ﬁeld can be solved from Eqs. (1) and (2). In this study, an explicit ﬁnite difference method and
SOLA algorithm which is a method for solving transient ﬂow are employed. According to SOLA scheme, a pressure adjust-
ment term is derived from Eqs (1) and (2) as follows:dp ¼  Dð@D=@pÞ ð6ÞIn the beginning, a tentative velocity ﬁeld at new time step is calculated from Eq. (1) with a prescribed pressure ﬁeld at old
time step. Then, the divergence is obtained from Eq. (2). If the divergence is not equal to zero, that means the calculated
velocity and pressure ﬁelds could not satisfy the conservation of mass, and the pressure adjustment term dp is used to adjust
the tentative velocity ﬁeld. The iteration process is continuing until zero divergence is satisﬁed for all the cells in the interior
region.
Step 3: Calculate the convection and redistribution of F-values.
After the velocity and pressure ﬁelds are calculated at new time step, the convectional ﬂuid volume and the new location
of free surface can therefore be computed in order to solve for the redistribution of F-values in each cell. The convectional
ﬂuid volume in a layer is estimated approximately equal to the velocity of the cell multiplied by the time interval. Therefore,
three volume ﬂuxes: (/+)i,j,k, (/)i,j,k and (/0)i,j,k are calculated. (/+)i,j,k and (/i,j,k represent the volume ﬂuxes ﬂow from (i, j,k)
cell to (i + 1, j,k) and (i  1, j, k) cells respectively. (/0)i,j,k is the remained ﬂuid volume in (i, j, k) cell. When the ﬂuid ﬂows out
from (i, j,k) cell to (i + 1, j,k) cell, (/+)i,j,k is larger than zero and (/)i+1,j,k is equal to zero. When the ﬂuid ﬂows out from (i, j,k)
cell to (i  1, j,k) cell, (/)i,j,k is larger than zero and (/+)i1,j,k is equal to zero. The three volume ﬂuxes during one fractional
step are regions under the convectional line, which shows in Fig. 3. The redistributed volume fraction in each cell along x, y, z
directions is then can be given as follows respectively:Fð;xÞi;j;k ¼ ð/þÞi1;j;k þ ð/0Þi;j;k þ ð/Þiþ1;j;k ð7Þ
Fð;yÞi;j;k ¼ ð/þÞi;j1;k þ ð/0Þi;j;k þ ð/Þi;jþ1;k ð8Þ
Fð;zÞi;j;k ¼ ð/þÞi;j;k1 þ ð/0Þi;j;k þ ð/Þi;j;kþ1 ð9Þ
where superscript ⁄ means the F-value at new time step. After F-value at new time step in x, y, z axial coordinates are com-
puted from Eqs. (7)–(9), the redistribution of F-values can then be obtained.
2.4. Treatment of surface tension
In order to take the effect of surface tension into account, lot studies have used a surface-tension-induced pressure jump
to represent a boundary condition in the pressure ﬁeld at the interface. The exact surface location and slope must be com-
puted in order to obtain the correct pressure at the free surface, and a reconstruction of a continuous surface is required. The
surface tension boundary condition used byWheeler et al. [10,11] has been implemented in a ﬁnite volume framework using
a novel approach on three-dimensional unstructured meshes. The method has been used to provide insight into the wetting
balance test, predicting how surface tension affect the shape of solder joint during reﬂow process. In this study, a very dif-
ferent approach, the CSF model developed by by Brackbill et al. [12], for reconstructing a continuous surface is developed. InFig. 3. Calculation of the volume ﬂuxes during one fractional step.
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boundary condition on the interface. Hence the interfacial surface force is replaced by a localized volume force acting on the
interface, which can be added into the Navier–Stokes equations as a form of body force that affects the velocity ﬁeld.
In the CSF model, the interface is regarded as a transition region where the ﬂuid properties continuously change. When
the thickness of the transition region is inﬁnitesimal, the volume force ~Fb can be written as:~Fb ¼ rjn^ ð10Þ
where r is the surface tension coefﬁcient, n^ is normal vector. It was needed two steps to get the normal vector.
Step 1: For each (i, j, k) mesh, it was needed to calculate the normal vector of each corner. For the convenience, the central
point of mesh is at (i  1/2, j  1/2,k  1/2). The Fig. 4(a) shows the each point of mesh. The normal vector can be calculate
from:~ni1=2;j1=2;k1=2 ¼ rFi1=2;j1=2;k1=2 ¼ nxi^þ nyj^þ nzk^ ð11ÞX
Y
Z
(a)
(b)
Fig. 4. The distribution of node for normal vector.
3072 H.-J. Chang et al. / Applied Mathematical Modelling 36 (2012) 3067–3079nx ¼ @F@x ;ny ¼ @F@y ;nz ¼ @F@z is the partial differential of F value, and the discretization is used by the central difference.nx;i1=2;j1=2;k1=2 ¼ @F
@x
 
i1=2;j1=2;k1=2
¼ Fi;j1=2;k1=2  Fi1;j1=2;k1=2
dxi1=2
ð12Þ
ny;i1=2;j1=2;k1=2 ¼ @F
@y
 
i1=2;j1=2;k1=2
¼ Fi1=2;j;k1=2  Fi1=2;j1;k1=2
dyj1=2
ð13Þ
nz;i1=2;j1=2;k1=2 ¼ @F
@z
 
i1=2;j1=2;k1=2
¼ Fi1=2;j1=2;k  Fi1=2;j1=2;k1
dzk1=2
ð14ÞFrom the Eq. (5), Fi,j1/2,k1/2 can be got by the average of F value at the point of (i, j, k), (i,j,k  1), (i, j  1,k  1), and (i, j  1,k).
Fi1,j1/2,k1/2 can be calculated by the average of F value at the point of ( i  1, j,k), ( i  1, j,k  1), ( i  1, j  1,k  1), and
(i  1, j  1,k). As the same way, Fi1/2,j,k1/2, Fi1/2,j1,k1/2, Fi1/2,j1/2,k, and Fi1/2,j1/2,k1 can be calculated. In order to get
~ni1=2;j1=2;k1=2, the eight F values around the mesh is needed.
Step 2: As shown in the Fig. 4(b), the normal vector of central point (i, j, k) is got by the average of normal vector at the
corner of the mesh.~ni;j;k ¼ 18 ~ni1=2;j1=2;k1=2 þ~niþ1=2;j1=2;k1=2 þ~niþ1=2;jþ1=2;k1=2 þ~ni1=2;jþ1=2;k1=2 þ~ni1=2;j1=2;kþ1=2 þ~niþ1=2;j1=2;kþ1=2

þ ~niþ1=2;jþ1=2;kþ1=2 þ~ni1=2;jþ1=2;kþ1=2
 ð15ÞTaking the normal vector in the Eq. (9) can calculate the curvature of free surface. The equation can be written as:j ¼  r  ~nj~nj
 
¼  r 1j~nj ~nþ
1
j~njr ~n
 
ð16Þandr 1j~nj ~n ¼ 
1
j~nj3
n2x
@nx
@x þ nxny @ny@x þ nxnz @nz@x þ nynx @nx@y þ n2y @ny@y þ nynz @nz@y þ nznx @nx@z þ nzny @ny@z þ n2z @nz@z
 
ð17Þand1
j~njr ~n ¼
1
j~nj
@nx
@x
þ @ny
@y
þ @nz
@z
 
ð18ÞTaking the normal vector and curvature in Eq. (4) can get the volume force ~Fb. Taking the volume force ~Fb in Eq. (1) can get
the variation of speed by the surface tension. The body force~Fb acts everywhere in the transition region, therefore the exact
surface location is no longer required. This eliminates the need for interface reconstruction, and simpliﬁes the calculation of
surface tension.
2.5. Boundary conditions
In the system, there are two boundary conditions to be considered. The ﬁrst one is solid wall and the boundary condition
is set as no slip with null velocity on the wall. Another boundary condition is set by the pressure–time relationship on the top
surface of the nozzle. The pressure on the boundary changes with time; the pressure–time relationship is a trigonometric
function. Three pressure waveforms are shown in Fig. 5. Take condition (a) for example. The pressure change is:P ¼ Decay Coeff Max P  sinðt=time zoneÞ ð19Þ
where P is the pressure up the boundary of the nozzle and Decay Coeff is set to match the real condition of the pressure
becoming lower with time due to the pressure wave decay at the tube. Max P is the biggest pressure in the program, t is
the time, and time zone determines the range of the sine wave.
3. Experimental method
3.1. Apparatus
An experimental setup to for observing the solder droplet behavior during printing was constructed with four interlock-
ing functional blocks: pneumatic, heating, printing, and monitoring blocks. The pneumatic control block uses nitrogen gas to
alter backpressure of the molten solder reservoir and to regulate nitrogen ﬂow near the piezoelectric print-head during
printing. The heating block provides heat and maintains temperature for the molten solder reservoir with a thermal device.
The printing block consists of a MicroFab Inc. piezoelectric printhead for solder jetting that is controlled using a bipolar
waveform of varying pulse time and voltage. This proprietary printhead is suitable for ﬂuid viscosities of 1–100 mPa s
and surface tensions of 20–500 mNm1; it is capable of operating at a maximum temperature of 320 C. Spherical droplets
Fig. 5. Pressure–time relationship of the boundary condition.
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head nozzle oriﬁce in this study is 50 lm. The monitoring block collects and records images, using a strobe drive to control
the delay time of a light emitting diode (LED), to observe the various stages of liquid droplet evolution between the print-
head nozzle and the substrate.3.2. Molten lead-free solder
The composition of Sn–Ag–Cu solder may vary between 0.5% to 1.5% Cu and 3.0% to 4.7% Ag. These alloys exhibit a narrow
melting temperature range which approaches the eutectic characteristic [13]. Commercially-used lead-free solder of
Sn3.0Ag0.5Cu with 99.99% purity composition and a melting point of about 217 C was employed in this study [14]. This sol-
der is widely used in the electronic industry due to its superior physical and thermal properties.
Lead-free solder was ﬁlled into a sealed reservoir that was pumped with nitrogen gas and then heated to 230 C by the
resistance method. Throughout the experiment, the temperatures of the molten solder in the reservoir and in the capillary
tube were monitored by thermocouples which controlled the heaters. The viscosity and surface tension of the ink ﬂuid are
closely related to droplet behavior. The properties of molten metal, obtained from the literature, are a surface tension of
493 mNm1 at 270 C and a viscosity of about 2 mPa s at 240 C [15–17].3.3. Inkjet printing conditions
The ink-reservoir temperature was sustained at 230 C at all times to allow sufﬁcient superheat in the ﬂuid (Tm = 217 C)
while staying as far away as possible from the depolarization temperature of the piezoelectric print-head (above 300 C).
Ink-jet waveform variables and the reservoir back-pressure were adjusted to obtain optimum droplet conditions. According
to Bogy’s experiment with DOD inkjet print-heads, a bipolar waveform was used to deform the piezoelectric device, which
caused volume deformation of the capillary surrounded by the piezoelectric device. Wave propagation was also produced
inside the capillary [17]. A schematic of a typical bipolar pulse waveform employed in this study is shown in Fig. 6. In
the solder jetting process, the molten solder that is placed into the reservoir must be pressurized by nitrogen to allow ﬂuent
reﬁll of the capillary in the print-head and to prevent oxidation. In addition, a nitrogen shroud-ﬂow near the oriﬁce of the
print-head was pumped at 0.47 L min1 so that the extrusion of the liquid column would not be oxidized.
The pulse time of the bipolar waveform was used to control the action of the piezoelectric print-head. Variables trise and
tﬁnalrise determine the contraction and expansion rate of the capillary by introducing the negative and positive pressures
respectively; tfall is the transfer rate from positive to negative pulse voltages; tdwell and techo are the pulse duration times
of contraction, expansion, and propagation of the pressure wave. In addition, a lower jetting frequency of 200 Hz was used
to avoid complex overlap of wave propagation, stabilize the printing process and thus deposit high quality patterns. Table 2
shows the major variables of printing conditions on the trise, tfall, and tﬁnalrise for waveform and reservoir back-pressure in this
study. Based on Baggerman’s suggestion, where micro droplets of SnPb were jetted at ﬁxed conditions, including a pulse
Fig. 6. Schematic diagram of a typical bipolar pulse waveform.
Table 2
Waveform conditions used in the DOD inkjet printing experiments.
Condition Pulse time (ls) Reservoir pressure (kPa) Number of droplets
trise tdwell tfall techo tﬁnalrise Pback
A 250 100 30 5 250 10 Three
B 250 100 40 5 250 10 Two
C 250 100 50 5 250 10 Single
D 250 100 60 5 250 10 Chaos
3074 H.-J. Chang et al. / Applied Mathematical Modelling 36 (2012) 3067–3079amplitude of 40 V, a back pressure of 12 kPa and a ﬂow rate of 1.6 L min1, the pulse voltages were set as V1 = 10 V, DC
level = 40 V, and V2 = 50 V; the negative voltages were used to overcome electronic issues of the piezoelectric print-head
[18]. The distance between the print-head nozzle and the substrate was 1.5 mm to mimic an actual printing process.4. Results and discussion
4.1. Description of the numerical model
Molten lead-free solder is ﬁrst selected as the simulated liquid and the material properties of molten solder are listed in
Table 3. For numerical simulations, the computational domain is shown in Fig. 7 with the related sizes depicted. Uniform
mesh is adopted and domain is divided into a rectangular mesh system of 52  52  242. The size of mesh is then
4  4  4 lm. In the beginning, the nozzle is ﬁlled with stagnant molten solder. The initial time step is one microsecond
and may vary due the requirement of numerical stability. The average time step is around 107 s and it takes about one hour
on a PC with the CPU of 2.67 GHz to obtain the simulation results required to understand the evolution behavior of the liquid
droplet.
4.2. Droplet formation process
According to Wu et al. [8], from a point of view, the pressure–time relation is the major factor that inﬂuences droplet
ejection behavior. The process of droplet ejection can be determined from the results of simulation. Fig. 8 shows the three
major steps of drop formation. In the ﬁrst step, the solder in the nozzle is inﬂuenced by the pressure of the boundary con-
dition above the wall of nozzle and is squeezed out from the nozzle by pressure. Then, the solder is cut off by the negative
pressure in the inject printing tube, forming a major droplet. The shape of the droplet changes during its fall due to surface
tension.Table 3
The material properties employed in the simulation.
Molten solder Density Viscosity Surface tension
63% Sn–37% Pb 8.9 kg/m3 2 mPa s 493 dyne/cm
Fig. 7. A schematic diagram of the inkjet printhead.
Fig. 8. Numerical result of a single droplet.
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The results of numerical simulation show a clear and strong relationship between the pressure–time relationship on the
top of the nozzle and the shape of a droplet. Three type of droplet behavior were discovered in this research under three
pressure–time conditions, respectively. The relationship of pressure–time for condition (a) is shown in Fig. 5. Fig. 8 shows
the droplet behavior of condition (a). The beginning of the process, a little negative pressure is added to the nozzle. Then,
3076 H.-J. Chang et al. / Applied Mathematical Modelling 36 (2012) 3067–3079a larger positive pressure is added to the nozzle and the pressure squeeze the solder out of the nozzle. Finally, a small neg-
ative pressure is applied to the boundary of the nozzle and the solder is cut off from the nozzle to form the main droplet.
Fig. 5 also shows the variation of pressure at boundary condition (b). The simulation results for condition (b) are shown in
Fig. 9. A small positive pressure is applied to the nozzle, and then a large negative pressure wave is applied before forming
the biggest positive pressure. The negative pressure sucks the molten solder from the nozzle to the tube, and then a large
positive pressure is applied to squeeze the molten solder out. The molten solder forms a liquid column. The liquid column
divides into four minor droplets at the latter part of the printing process.
Fig. 10 shows the simulation results of droplet behavior for boundary condition (c). The relationship of pressure–time for
condition (c) is shown in Fig. 5. Positive pressure is applied for a long time but the pressure is not insufﬁcient. The solder is
not jetted, but instead accumulates at the nozzle to form a big solder droplet.
4.4. Experiment results
Fig. 11 shows the single droplet formation process condition C in Table 2. At 447 ls, the leading part completely broke off
from the thread. In contrast, the surface tension of molten solder was high enough to sustain a maximum length of 69 lm
without breaking-off from the nozzle. Subsequently, the exhausted thread was pulled into the oriﬁce of the print-head dur-
ing the period of 447–480 ls. Meanwhile, the morphology of the broken-off main droplet changed from a circle to an ellipse
and back to a circle at 450, 470, and 490 ls, respectively. After 600 ls, a spherical droplet with a diameter of 64 lm and a
velocity of 1.6 m/s was formed before hitting the substrate.
Fig. 12 shows the evolution of multiple-droplet formation under condition A in Table 2; tfall is 30 ls. The liquid was
exhausted from the nozzle at 385 ls and a prominent liquid column was formed. The liquid column grew gradually. At
425 ls, the characteristic shape of the liquid column could be divided into two parts; a circular leading part followed by
a thin thread-like tailing part. At 430 ls, the leading part was observed to break off from the thread, which was still con-
nected to the nozzle. The thread length extended to around 350 lm at 450 ls. At 470 ls, the thread became completely sep-
arated from the nozzle and appeared as a wave-like liquid column in the airborne stage. During 480–510 ls, the instability of
the liquid column introduced necking in the middle and resulted in the formation of four minor droplets. During 510–580 ls,
the number of droplets decreased via recombination of the rear droplet catching up with the front and merging. Eventually,
one primary droplet of 59 lm and two satellites (57 and 43 lm) were jetted for each cycle under condition A.
Fig. 13 shows big droplet dripping behavior under condition D in Table 2. Initially, chaotic droplets were jetted from the
nozzle and residue ﬂuent solder partially stained around the oriﬁce. When the chaotic droplets collided with residue solder
on the plate of the print-head, big beads immediately formed.Fig. 9. Numerical results of column droplet.
Fig. 10. Numerical results of an amalgamated droplet.
Fig. 11. Time evolution of single droplet formation under condition C in Table 2.
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From the results of simulations and the experiment, three major types of solder droplet behavior were found for at the
process of inkjet printing. This research combines the waveform of experiment with the pressure–time relation of numerical
simulation, and conﬁrms the correlation between waveform and pressure–time relation at the same droplet behavior.
Fig. 12. Time evolution of multiple - droplet formation under condition A in Table 2.
Fig. 13. Time evolution of amalgamated droplet dripping under condition D in Table 2.
3078 H.-J. Chang et al. / Applied Mathematical Modelling 36 (2012) 3067–30795. Conclusion
Three major types of droplet formation behavior in the inject printing process of molten lead-free solder. (1) the major
droplet was found, (2) a liquid column was found; (3) molten lead-free solder could not be jetted and thus accumulated at
the nozzle.
A validated numerical model shows that the pressure–time relationship at the nozzle is the dominant factor that deter-
mines the droplet formation behavior. In this study, the numerical model was employed to study the correlations between
the pressure–time relationship and the three types of droplet formation behavior.
H.-J. Chang et al. / Applied Mathematical Modelling 36 (2012) 3067–3079 30791. In the result of numerical model, the factor form a major droplet, enough positive pressure must be ﬁrst provided. The
positive pressure squeezes the molten solder, and then a small negative pressure would be applied to cut the droplet
and suck the superﬂuous solder into the nozzle.
2. Before forming a big positive pressure, to give a negative pressure would suck the molten solder from nozzle to tube then
the positive pressure would squeeze the molten solder. A column type droplet is formed and then divided into three small
droplets.
3. The molten solder is not jetted, the positive pressure is insufﬁcient, if a small positive pressure is applied continually, the
molten solder will accumulate at the nozzle and form a big droplet.
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